The capacitive array sensor is a versatile and prom1s1ng device for nondestructive evaluation of dielectric materials. The capacitive probe responds to the complex dielectric constant of the interrogated material. In the typical configuration, the device is operated as a single sided sensor. In addition to detection of surface and subsurface features in dielectric materials, the device is sensitive to surface features in conductive materials.
We describe here the work of an ongoing project at NIST on the capacitive array sensor. This work describes the comparison of liftoff experiments to an existing tbeoretical model tbat bad been developed by Gimple and Auld [1) . We also performed proof-of-concept experiments for the cure monitoring of partially conductive composites.
A theoretical model that predicts the probe response is useful for many noncontacting applications. Typically in noncontacting applications not only are the material properties unknown but the liftoff is also an unknown. To complicate the problem further, both the material properties and the liftoff may change during the measurement. A particular example is the monitoring of a ceramic during the sintering process. While the material is being fired, both the dielectric constant and the size of the material are changing. Using the Gimple-Auld model and the multiplexing capability of the sensor, we propose a technique to first determine the liftoff and then the dielectric constant of the workpiece.
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EXPERIMENT
Two basic experimental setups and procedures, described below, were used to make the liftoff and the cure monitor measurements. Common to both experiments was the probe, which had eight electrodes with multiplexing capability and was operated in the absolute mode [lJ. In both experiments, we measured the absolute admittance or impedance of the sensor with a network analyzer.
For the liftoff experiments the probe was mounted on a three-axis computer controlled scanner with the probe face oriented downward and parallel to the horizontal plane. We then placed the specimen on a platform below the probe and brought the probe into close proximity to the specimen. The probe face was adjusted parallel to the specimen by using a gimbal mount and then positioned at some absolute liftoff, do, typically 78 ~m. To determine this initialliftoff we used a standard thickness gauge.
After loading the initialliftoff data into the computer, the admittance in both magnitude and phase is determined and stored with the corresponding liftoff. The computer then increases the liftoff by raising the probe head a predetermined amount. The admittance at this new liftoff is now measured and stored with the corresponding liftoff value. This process is continued until an asymptotic value of the admittance is obtained. This asymptotic value corresponds to the probe admittance in air.
The cure monitor setup was much simpler than the liftoff setup. The sensor was removed from the positioner, which was not used in this experiment, and fixed in an inverted position -the electrodes faced upward. A plate of uniaxiäl graphite/epoxy was placed directly on the electrodes. The composite plate was 6 mm thick and to reduce edge effects much larger in the longitudinal and lateral directions than the probe electrodes.
We placed apremixed, uncured epoxy on the top of this plate. The computer recorded the change in admittance due to the curing of the epoxy as a function of time.
RESULTS AND DISCUSSION

Liftoff
A typical solution to the liftoff problem -separation of the sensor response to material properties from the response to liftoff -is to use an available theoretical model and simply fit the experimental data to the model. This presumes that the assumptions used to derive the model correspond to the experimental case.
The current theory for the linear array capacitive probe shown in where ßY/A is the change in admittance between the value with the workpiece present and the value in air normalized to the active area of the probe, A. d, EO, Er' a, rr are respectively the liftoff, the free space permeability, the relative permeability of the workpiece, the spatial frequency of the probe electrodes, and the reflection coefficient. .
Simplified schematic of the admittance measurement system where Sand R indicate the source and receiver electrodes respectively. The following assumptions are made in the derivation of equation 1: 1) the workpiece is a semi-infinite dielectric slab; 2) there is no substrate behind the electrodes; 3) a sinusoidal potential is prescribed everywhere on an infinite electrode plane; 4) there exist no parasitic coupling to the environment; and 5) the problem is two dimensional -no edge effects.
If in equation 1 we vary the liftoff, d, while holding the other variables constant, the equation would predict a monotonic decrease from some initial value. In Figure 2 , we illustrate an experiment made to verify the predictions of equation 1. As indicated in Figure 2 , the experimental ßY versus liftoff curve initially decreases rapidly followed by a recovery -very different from the theoretical prediction. That the theoretical and experimental curves are different is not surprising as most if not all of the assumptions were violated. Yet, the high degree of discrepancy was not expected.
Initially we assumed that this discrepancy was caused by the capacitive coupling to the ground plane. To reduce the recovery effect we placed the workpiece on a nonconductive pedestal approximately 100 mm above the ground plane. Although this reduced the undershoot the recovery was still very pronounced.
The next step was to examine the measurement system. The admittance measurements were made with a network analyzer. A simple schematic, Figure 3 , provided by the manufacturer indicated a relationship between the recovery effect and the measurement system. In the network analyzer used, the admittance is measured by comparing the prescribed potential difference between the source and receiver electrodes to the current that flows through the receiver electrode. The current measurement in effect is through a transresistive amplifier which requires that the receiver electrode be held at a virtual ground. This virtual ground implies that the average potential on the electrodes is not zero, that is, there is a constant electric field due to the zero spatial frequency component.
To further understand the recovery effect we used a superposition model of the sensor. The probe is modeled as the sum of the zero and nonzero spatial frequency components. In addition we developed a lumped element circuit model of each of these two superposition components as shown in Figure 4 .
The nonzero spatial component, Figure 4a , has a +1/2 V potential on the source and a -1/2 V potential on the receiver. In this balanced system there is coupling capacitance between source and receiver (Csr )' between the source and ground (C sg )' and the receiver and ground (C rg ). It is important to note that the airection of the displacement current is out of the source and into the receiver electrode. If C sg is equal to Crg then the current that flows from the source to ground is equal to the current that flows ·from the ground to the receiver. Under this condition -C sg = Crg -all the displacement current that flows out of the source electrode arrives at the receiver electrode. In the Gimple/Auld theory Csg = erg = o.
As shown in Figure 4b , the potentials on the electrodes for the zerb spatial frequency case are equal. This lumped element model suggests that there is no coupling between the source and receiver because they areaL equal potentials. In this case the direction of the displacement current is awayfrom or out of both the source and the receiver electrodes. Here the displacement current flows from the receiver to ground which is opposite in sign to the current flow in the nonzero spatial frequency case.
Adding the two superposition models produces a potential +V on the source electrode and a zero potential with reference to ground on the receiver, the condition of the physical system. When the currents are added it is noted that the current from the source to ground for the zero spatial frequency case is not measured. Furthermore, the current that flows from the receiver to the ground for this component subtracts from the overall current. Recall that the theory requires that all of the current that leaves the source electrode arrive at the receiver electrode. To accommodate this condition, we forced all of the current to pass through the receiver by connecting the ground plane (see Figure  2) to the receiver. Because both the receiver and the ground plane were at the same potential this did not alter the interaction between these two elements. The effect was that any displacement current that arrived at the ground would be routed to the receiver. The results indicate that this technique indeed reduces the recovery but does not eliminate it.
We suspected that the remaining recovery was associated with parasitic coupling to the shielded probe case. Because we. were measuring relatively small quantities we assumed the probe connections and leads had to be shielded, Figure Sa . The electrodes were on a pyramidal frustum protruding from the shielded box. Obviously charge concentrations accumulate on the electrodes at the corners of the frustum. Because of the location of this charge concentration, the electric flux lines will link to the box. Unfortunately the coupling is not a constant, because this feature would not subtract out when 6Y is calculated. Instead the coupling is a function of liftoff.
To eliminate the coupling to the shielded box, we built a new probe, Figure Sb . The new version had shielding only on the leads which were coaxial cables with the outer shield grounded. The electrodes were attached to a polymethylmethacrylate, PMMA, substrate and then soldered to the center conductor of the coaxial cables.
The results of the liftoff measurements for this probe, Figure 6 , show very good agreement with the theoretical model. To account for the normalization constant, A, in Equation 1, the theoretical curve was fitted to the experimental data at the initial liftoff. This is equivalent to determination of the effective area A of the probe.
The slight difference between the experimental and theoretical curves is probably a result of the uncertainty in the initial liftoff measurement.
Even in the worst case where the device must be shielded and the ground plane is such that its interaction cannot be accounted for, the liftoff can still be determined over a limited range . To show this we superimposed the results of equation 1 onto the experimental data taken with the shielded probe, with no compensation made for the effect of the ground plane. Again, the theoretical curve was fitted to the data of the initial liftoff. The curves agree in a region starting at the initial liftoff and diverge at approximately 1 mm. Because this divergence is associated with parasitic coupling to the environment, any variation that reduces this coupling or accounts for it will increase the range of agreement. Also, this range of agreement is dependent on the dielectric constant of the workpiece.
Because the recovery phenomenon is also a function of the probe's spatial frequency, the sensor's multiplexing capability offers another technique to increase the region of agreement. We know from our finite element modeling that the zero frequency component decays relatively slowly as the liftoff increases, while the decay of the coupling capacitance for the nonzero spatial frequency component is quite rapid. Probe admittance calculated from the superposition elements using FEA techniques.
This latter decay can be altered by changing the spatial frequency; the higher the frequency the more rapid the decay. This indicates that for the determination of liftoff from theory lower frequencies are more useful .
Another method to reduce the recovery effect is, of course, to use a balanced system; then we are in theory working only with the nonzero spatial frequency case. To accomplish this a different measurement system is necessary . Because we are in general measuring changes in ~Y which are equivalent to changes in capacitance on the order of 10 femptofarads, it is a nontrivial matter to change measurement systems.
However, recall that the original idea was to multiplex the probe measuring ~Y versus a at an unknown liftoff . We expect that looking at a~y/aa suppresses the zero frequency component as all the electrodes in this case are at the same potential . We are investigating this further.
FINITE ELEMENT ANALYSIS (FEA)
Our FEA is based on solutions of Laplace's Equation ~2~ -0, for the electric potential,~. The boundary conditions are that ~ be specified on the electrodes, ~ and the normal derivative of the electric displacement field, Dn = -Ea~/an, be continuous at dielectric interfaces.
To keep the number of nodes down (for computational efficiency), we specify boundaries around the probe and specimen; i.e., we confine our problem to a box. We then must prescribe either ~ or a~/an on the sides of the box.
For the calculations leading to the results of Figure 7 , we specified ~ -0 on all sides of the box. At this point we make a distinction between the sides and the bottom of the box. The sides were taken "far" from the specimen because we assumed that the major coupling to the environment is through the dielectric specimen to the bottom of the box (the ground plane) .
The potential is calculated using finite element techniques [4] . From this potential we calculate the charge on the electrodes from Gauss' Law: E ~ dSR an (2) Where SR is the surface of the receiver electrodes. At this point the admittance can be calculated directly from Equation 3 where iR is the current at the receiver electrode, V is the potential difference between the electrodes and Y is the admittance. ~Y is now obtained by subtracting the admittance in air (d --> 00).
Another potential application of the capacitive sensor is noninvasive cure monitoring in polymer composites. We performed proof of concept experiments to show the ability to detect changes in the dielectric constant in conductive composites. In our experiments we used graphite/epoxy plates (6 x 150 x 100 mm) with unidirectional fibers. The probe was inverted with the electrodes facing upward, and the composite panel was placed directly on the face of the probe. A curing epoxy was then placed on the panel. The probe impedance was monitored as a function of time with different temporal and spatial frequencies . Measurements were also made with the probe's electric field oriented both parallel and perpendicular to the graphite fibers.
Typical results are shown in Figure 8 for 100 kHz and with the probe's electric field parallel to the fibers. In this configuration with electrodes having alternating potentials, there is about 1% maximum change in Z, the admittance, and a change of approximately 0.03° in the phase angle . The measurement was repeated with the field oriented perpendicular to the fiber direction. We found that this change in orientation caused no significant change in Z.
The effects of conductivity are exemplified by changing the frequency of operation. When we contrast the maximum change in Z at 10 to 100 kHz we find that Z at the lower frequency is nearly double that of the higher frequency. Also the change in the phase angle is about an order of magnitude greater at the lower frequency. This shows, as expected, that the conductivity effects in the complex dielectric constant increase with increasing frequency .
CONCLUSIONS
Determination of liftoff from a material with an unknown dielectric constant is not as straightforward as one would predict from theory. Strong interaction with the environment is not accounted for in the current theory. In practice, substantial effort to reduce environmental effects should be applied when possible.
In summary, we recommend the following be done for noncontacting applications where the liftoff must be known. The first, if possible , is to use a balanced system. Even in a balanced system, it is still necessary to keep any conductive portion of the environment at a reasonable distance. Next use low spatial frequency when permitted by specimen geometry . Furthermore , shield all the leads by using a coaxial cable with the center wire as the signal carrier and the outer as a shield only.
The theoretical liftoff curve will be valid over a limited range even if the environmental interaction is permitted. In practice, whether this range is adequate will depend on the application. Also, the smaller the probe the more quickly the liftoff curve will decrease. This implies that the usable range for liftoff determination from theory may be very small. Therefore, the use of the largest size probe possible is recommended.
